Abstract
INTRODUCTION
In developed country markets, such as in European countries ones, therenis a tendency to evolve from an agriculture focused on yield towards an agriculture focused on quality 1 . In these areas, with high spending power, consumers demand products with higher internal quality which lead to the development of new higher quality products. This is especially true for 'functional foods' which offer an interesting growth opportunity for the food industry 2 .
Tomato has moderate nutritional value, but it is consumed all year round. It is one of the most important sources of antioxidants, such as vitamin C or carotenoids, which are protective to degenerative diseases 3, 4 . In this context, during the last decade there has been an increasing interest in the development cultivars with increased levels of Lascorbic acid or the main carotenoids present in tomato: beta-carotene and lycopene.
Cultivar such as 'DoubleRich' has twice as much vitamin C content or the 'high pigment' cultivars that are becoming popular in the processing tomato industry 5 .
Several mutations have been identified related to the carotenoid content in tomato, but important organoleptic or agricultural deficiencies have limited their use 6, 7 and it is necessary to survey new sources of variation.
Although several works have been focused on this objective i.e. 5, 8, 9 , the elevated influence of the agronomic and environmental variables in the expression of characteristics of the functional value of the fruits of tomato 7, 10 is yet to be determined.
Not only the environment plays an important role in the system. It has been suggested that the GxE interaction would be considerably high 11 . Therefore more studies on the contribution of different environments, genotypes and their interactions to the expression of properties of functional value should be carried out in order to select elite genotypes with more precision that enhances the accumulation of favourable compounds. Information on the structure and nature of GxE interactions is particularly necessary to determine if it is possible to develop 'high functional value' cultivars with high environmental stability or specific cultivars for specific target environments.
The objective of this study is to perform an evaluation of Solanum section Lycopersicon germplasm in different environments in order to elucidate the nature and structure of genotype, growing environment and its interaction and to identify the genotypic potential of these materials for direct use or as sources of variability in breeding programs for lycopene, β-carotene and/or ascorbic acid accumulation in tomato fruits.
MATERIALS AND METHODS

Plant material
Five Solanum lycopersicum L. accessions, one S. lycopersicum var cerasiforme L. and four S. pimpinellifolium L. representing a wide diversity of fruit shapes and colours were studied (Table 1) . Three modern tomato cultivars with normal levels of ascorbic acid and carotenoids and a high pigment line were included as controls: CDP8779
(experimental line developed by COMAV, Valencia, Spain), Cambria (a hybrid commercialized by Seminis Vegetable Seeds, Almería, Spain), Gevora (a processing tomato variety developed by el Centro de Investigación "La Orden-Valdesequera", Badajoz, Spain) and LA1563 (accession provided by TGRC, University of California, Davis, with enhanced carotenoid content 12 due to the Intense Pigment gene).
Experimental design and growing conditions
The trials were carried out in 3 growing environments representing common cycles and 
Sampling
Uniformly ripe, healthy fruits, at the red-ripe stage were harvested. Accessions with colours other than red were harvested when fruits reached maximum colour intensity. A total of 5 to 20 representative fruits (depending on the species) were collected from each plant only from the first 3 trusses to minimise intra-plant variability. Samples were blended at 4ºC and low light intensity to minimise antioxidant loss. The laboratory homogenizer (Diax 900, Heidolph, Germany) was used with a generator 6G to disrupt tissue to particle sizes <0.4 mm. Samples were stored at -80ºC until analysis.
Ascorbic acid determination
Ascorbic acid was quantified by Capillary Zone Electrophoresis using a P/ACE System MDQ (Beckman Instruments, Fullerton, USA). Two grams of sample were thawed in the dark at 4ºC and centrifuged at 12500 rpm in a refrigerated centrifuge. 
Carotenoid determination
Determination was based on a spectrophotometric analysis 9 using a spectrophotometer with double-beam operation (model Lambda-25, Perkin-Elmer, Waltham, USA). The samples were thawed at 4ºC. Carotenoid extractions were performed with 0.1 g of thawed samples, which were shaken for 1 hour using 7 mL of organic solvents (ethanol:hexane, 4:3) . The extractions were conducted in the dark to prevent lightinduced carotenoid oxidation. Afterwards, 1 mL of distilled water was added to separate organic solvent layers and 0.5 mL of the upper layer (hexane phase) was recovered and refrigerated at 4ºC to avoid carotenoids loss. A calibration line which relates standards concentrations and absorbance at 510 nm was used to obtain lycopene concentrations.
For -carotene, a calibration plane relating the concentrations from standards and absorbance at 452 nm (positive correlation) and 510 nm (negative correlation) was used.
Seven standards with joint concentrations (randomly paired up) of lycopene and -carotene were used for calibration. Three analytical replicates per sample were made.
Data analysis
The mixed linear model used for the analysis of i genotype in j environment and k block inside environment j was:
Where Y=phenotypic value with population mean  and variance V P ; G=genotype effect with mean 0 and variance V G ; E=environment effect with mean 0 and variance V E ; GE=GenotypexEnvironment interaction effect with mean 0 and variance V GxE ;
B=the block effect with mean 0 and variance V B ; e=residual effect with mean 0 and variance V e . All the factors were considered as random. The MINQUE (1) method 14, 15 was used to obtain unbiased variance and covariance components for each trait.
Variance and covariance estimates were used to calculate the corresponding correlation coefficients for phenotypic, genotypic, environmental and interaction effects. The random effects were predicted using the adjusted unbiased prediction (AUP) method 
RESULTS AND DISCUSSION
Phenotypic means of carotenoids and ascorbic acid content for the tomato accessions studied
In general, it could be observed that the phenotypic antioxidant content of tomato largely varied among accessions in each environment ( (Table 2 ). In order to obtain a better estimation of the potential of improvement for each character in tomato breeding programs it was necessary to ascertain the relative contribution of the genotype, environment and genotype x environment interactions, variance components. Genetic correlations between traits were also analysed in order to determine if a combined selection for these antioxidant traits would be feasible.
Estimation of variance components and correlations analysis
First, a decomposition of phenotypic variances in genetic, environmental and GxE interaction components was carried out (Table 3 ). All the estimates of the variance components calculated were significantly different from zero, thus offering reliable information on the relative contribution of each one to the total phenotypic variance.
For carotenoid content, the residual variance was around 25% of the total phenotypic variance; hence it can be considered that the model explained well the distribution of the variation with the factors included. However, for ascorbic acid, the residual variance was two times higher. The model, despite providing useful information, only explained one half of the total phenotypic variance. Nevertheless, it should be considered that ascorbic acid plays a very active and important role in reducing the oxidative damage at cellular level caused by stress conditions 20 and it is very difficult to model the GxE interactions in its accumulation due to uncontrolled factors. For all the traits, the block effect was very small (between 0.41% and 1.28% of the total phenotypic variance) so this effect could be discarded. The more important result to consider was that, for carotenoid accumulation, the genotypic component represented the larger contribution to the phenotypic variance (around the 60%) and the environmental variance was very low, having less contribution to the phenotypic value than the GxE interaction. The GxE interaction represented between 5 to 10 times less variance (for β-carotene and lycopene respectively) than the genotypic component. These results show that the improvement of lycopene and β-carotene is feasible in breeding programmes and that elite carotenoid accumulation cultivars can be commercialised independently of the growing conditions used, to obtain good phenotypic values. In the case of ascorbic acid accumulation, the genetic variance represented a quarter of the total phenotypic variance, and the environmental and GxE variance was around the 10%, indicating that the improvement of the ascorbic acid content in tomato breeding programs will be difficult and that the use of high ascorbic acid cultivars not necessarily implies the production of high ascorbic acid fruits. Therefore this situation may lead to important conflicts in quality controls during commercialisation.
After partitioning phenotypic covariance into its genotypic, environmental and GxE components, the corresponding paired correlation coefficients were calculated (Table   4 ). For Lycopene and β-carotene accumulation an important and highly significant positive genotypic correlation (r G ) was observed. On the contrary, the GxE correlation coefficient was negative but not significant. Accordingly, the total genetic correlation (r G +r GxE ) indicated that it is possible to select genotypes with high levels of both carotenoids. Nevertheless, it is interesting to point out that a high negative significant environmental correlation was determined and this makes difficult the development of selection trials, as the growing environments that increase the lycopene accumulation seem to reduce the β-carotene content and vice versa. Therefore, multi-environment trials must be implemented in order to obtain a reliable genotype evaluation. In the case of the pair β-carotene and ascorbic acid there was a very high and positive significant total genetic correlation (0.8), mainly due to the genotype component, that allows a practicable joint improvement of these two traits. There also exist a minor significant and negative environmental correlation but this may not represent an important difficulty for the selection.
When analysing the phenotypic correlations for lycopene and ascorbic acid accumulations it seemed that these two characters were independent (very low nonsignificant positive correlation). This result is similar to others reported in previous single environment trials 21 . Nevertheless, a deeper insight to the components of this correlation showed a more complex relation. There exists an important negative and highly significant environmental correlation. In the case of the total genetic correlation there is a positive significant correlation with opposite contribution of each subcomponent, as the genotypic correlation component is negative, but the GxE correlation component is positive and much more important. Therefore, the growing environments used can highly influence the selection due to their contribution to two opposite effects (the environmental and the interaction) making complicated the joint selection for high genotypic potential of both lycopene and ascorbic acid content.
Summarizing, in most breeding programs it will only be realistic the combined improvement of two characters, lycopene and β-carotene or β-carotene and ascorbic acid. The production of cultivars with increased levels of the three compounds, even if feasible, would be unstable and probably cause commercialization problems.
Prediction of the environmental, genotypic and interaction effects
A general mixed linear model was used for the prediction of the growing environment, genotype and interaction factors on the total phenotypic response, thus enabling a more appropriate and independent analysis of each effect (Fig 1) .
For all the studied traits important differences between growing environments were detected (left side of Fig 1) . The paired differences between spring-summer and autumn-winter and between open field and glasshouse cultivation were all significant (all P<critical values for FDR test at 0.05). These results could be better understood if the reported influence of climatic conditions in the biosynthesis of the antioxidants is considered together with the combination of temperature and radiation registered in the three environments. In this regard, it has been reported that the lycopene accumulation depends on temperature and seems to take place at a range of average day temperature between 12 and 32ºC 22 -35ºC 23 , with the optimal conditions around 22-26ºC 24 . For β-carotene accumulation the range of average day temperature is wider than for lycopene.
Its biosynthesis is poorly affected by temperatures lower than 12ºC 25 and with temperatures higher than 35ºC when the lycopene accumulation is inhibited the conversion of lycopene into β-carotene is stimulated 23 . Nevertheless, the optimal temperature for β-carotene accumulation seems to be around 30ºC 23 . The ascorbic acid accumulation in tomato fruits seems to be also directly correlated with temperature 26 . It has been suggested that at relatively high temperatures probably there is a decrease in the ascorbic acid content due to oxidation 27 , however these harmful conditions have not been studied properly. At favourable temperatures, the lycopene, β-carotene and ascorbic acid biosynthesis increase whit the sunlight intensity 24, 28 probably due to the increase of photosynthetic rate. These light induced variations are especially important in the case of ascorbic acid accumulation. Normally, open field leads to higher ascorbic acid content than greenhouse cultivation, as well as harvesting at the later summer versus other seasons 29 . The reduction in ascorbic acid accumulation with reduced radiation conditions occurs can be as important as a 70% 10, 28 . In the case of lycopene, when a harmful direct radiation level occurs (650 Wm -2 for 1.5-4 hours) its synthesis is inhibited. On the other hand, for ascorbic acid synthesis the excessive radiation does not inhibit its synthesis but causes a reduction on its accumulation 30 .
For lycopene accumulation, in the spring-summer cycle in Turis favourable day average temperature conditions during the cultivation were recorded, especially in the harvest period when they were near to the optimum interval and did not exceed the thermal stress threshold (Fig 2) . On the contrary, regarding the radiation conditions in the first half of the cycle the PAR radiation increased, reaching the maximum photosynthetic capacity and a high growing performance, but for the harvest period the amount of radiation surpassed the harmful threshold. To see it, the 650 W m -2 of total sun radiation was be expressed in the PAR scale. We considered that the proportion of PAR radiation vs. direct total radiation in our latitude for spring-summer cycle is 78.77% (information provided by National Meteorology Agency at Valencia) and the expression W m -2 *4.57 = µmolm -2 s -1 for sun and sky daylight 31 led to obtain the harmful radiation threshold of 2340 umolm -2 s -1 . So, in this part of the growing cycle, the fruits would be exposed to excessive solar radiation that could lead to an arrest of lycopene biosynthesis and reduce the final level of lycopene accumulation
In the case of Valencia in spring-summer cycle in glasshouse, the day average temperature was slightly higher than in Turis but the heat dissipation systems were able to maintain it inside the favourable, though not optimal, temperature range almost all the days of cultivation. Regarding the radiation, due to the use of a shadowing system as part of the heat dissipation management, its level inside the protection was reduced and, in general, no radiation stress occurred.
In Valencia during the autumn-winter cycle the use of heating system maintained the temperature lightly under the lower limit of the optimal interval but inside the favourable temperature range of lycopene biosynthesis. Obviously for this cycle the radiation was not high and the lycopene accumulation was relatively good but not optimal.
Regarding β-carotene accumulation the worst growing environment was spring-summer The worst condition for ascorbic acid accumulation was the autumn-winter cycle at Valencia, as the temperature and radiation in this cycle were lower than in the others.
The genetic merit of the accessions tested must be evaluated on both genotype main effect and GxE interaction (Fig 1) , being compared with the genetic merit of the controls for reference.
For the lycopene accumulation the controls of fresh market type (CDP8779 and Cambria) had shown a genotypic main effect (black bars of Fig 1 a) represented graphically in Fig 1a by the horizontal continuous line) 33 .
Regarding the interaction effect, CDP8779 control showed a very stable performance with no significant and negligible predicted values in the three growing environments studied. Cambria had a similar performance but with a small instability (two significant For β-carotene accumulation (Fig 1b) , controls showed a genotypic potential and stability opposite to that observed for lycopene accumulation. These controls had shown, in the worst conditions (V s/s), a phenotypic β-carotene content that is 1.5 times the reported average content in tomato 18 , so they could be considered good references.
The best accession for β-carotene accumulation was CDP4777 from S. lycopersicum var cerasiforme. This accession showed more than twenty times the genotypic potential of the best control, the high carotenoid IP genotype, LA1563, and a high stability.
Therefore, it will be very useful for both its use as donor parent in breeding programs and for direct consumption in gourmet uses, as it is a cherry tomato. Other accessions interesting for its use as donor parents in breeding programs for β-carotene accumulation were the three S. pimpinellifolium previously selected for their high lycopene content. In this sense, accessions CDP9822 and CDP1568 showed a genotypic value for β-carotene accumulation approximately ten times higher than the best control.
However, these two accessions should be used in specific environments in order avoid negative GxE interaction. Accession CDP9822 should be targeted to protected Finally, regarding ascorbic acid accumulation (Fig 1c) , the controls showed phenotypic values lower than the commonly accepted average content of ascorbic acid in tomato (200 mg kg -1 ) 19 . Cambria showed the best performance of all the controls but due to the E and GxE effects. The best accession for use as donor parent in breeding programs was CDP4777 from S. lycopersicum var cerasiforme which also is the best donor parent for β-carotene content. CDP4777 had a genotypic value for ascorbic acid accumulation more than fifty times greater than the best control. It is also highly stable because the significant GXE interaction effects are small. Nevertheless, it should be noted that, as in the case of β-carotene accumulation, its performance is better in the open field.
CDP9822 was other very interesting donor parent for breeding programs because, in specific environments (protected cultivation in spring-summer cycle) it has shown a very high GxE interaction effect, especially for ascorbic acid accumulation, that increased considerably its total genetic potential, and enables the improvement of the three functional traits studied. Finally, the traditional variety accession CDP7632 is also interesting for direct use for its high ascorbic acid genotypic potential (fifteen times greater than the best control) and stability.
CONCLUSIONS
Our results indicate that, in general, the high genetic component responsible of the accumulation of lycopene and β-carotene makes possible the selection of elite genotypes with high content of both carotenoids in tomato breeding programs. The high ratio of genotypic to environmental variance decomposition seems to indicate that high accumulation cultivars with wide adaptation might be successful despite the important environmental effects on carotenoid biosynthesis. Although there is a high genotypic correlation between the carotenoids studied, to perform a joint selection for both carotenoids it is mandatory to conduct multi-environment trials due to the existence of a considerably high negative environmental correlation. The improvement of the content of ascorbic acid is in most cases more difficult because the interference of uncontrolled factors masks the real genetic potential. Nevertheless, it would be possible to make a joint selection with β-carotene but renouncing to improve lycopene content.
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